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Damage caused to biological targets through sunlight photosensitized reaction is of paramount importance due to
their potential effects on human health. In these processes, a chemical alteration of a biomolecule may occur as a

result of the initial radiation absorption by another chemical species called photosensitizer. In this respect,
pterins are endogenous photosensitizers able of inducing chemical modifications in DNA, proteins and lipids.
These molecules are present in many living organisms and play different biological functions. In humans, aro-
matic pterins (Pt) accumulate in the depigmentation patches on the skin of patients suffering vitiligo. Interest-
ingly, 5-hydroxytryptophan (5-OH-Trp), a common oxidation product of tryptophan acting as a potential
endogenous antioxidant, is also present in the skin under oxidative stress conditions, such as those produced by
vitiligo. However, the photochemical interaction between Pt and 5-OH-Trp has not been considered yet. With
this background, the goal of the present work is to deepen the knowledge of the capability of Pt to photoinduce
damage to 5-OH-Trp. By combining different analytical and spectroscopic techniques, we establish that 5-OH-Trp
is damaged by Pt through a photosensitized type I process initiated by an electron transfer from the 5-OH-Trp to
the Pt triplet excited state that yield the corresponding radical ions. In air-equilibrated aqueous solution four
products were identified, two of which correspond to 5-OH-Trp dimers, while the others are a 5-OH-Trp trimer
and a dione, in which the 5-OH-Trp has incorporated an oxygen atom. No consumption of Pt was observed in the
presence of O,. However, in the absence of O, further free-radical reactions lead to the reduction of the
photosensitizer, and dimers and trimer were the only 5-OH-Trp-derived products detected. The biomedical

UV-A radiation

Electron transfer reaction
Photodimerization
Tryptophan-4,5-dione

implications of the generation of this kind of products, in proteins, are discussed.

1. Introduction

Vitiligo is an acquired skin depigmentation disorder that affects an
estimated 1 % of the world population. It is characterized by the loss of
constitutional pigmentation manifesting as white macules and patches,
which extent is highly variable, ranging from focal to generalized pa-
thologies. Patients with vitiligo accumulate millimolar levels of
hydrogen peroxide (H205) in their epidermis. Upon reduction triggered
by transition metal cations, or some organic compounds, HyO, generates
the highly reactive hydroxyl radical (HO®) that is able to oxidize many
biomolecules [1,2]. The generation of this reactive oxygen species (ROS)
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leads to a severe epidermal stress, causing the deactivation of many
enzymes and chemical modifications in proteins and peptides, by
oxidation of different amino acid residues in their sequences [3]. It has
been reported that in vitiligo, epidermal albumin levels are affected by
oxidation, in which several amino acid residues are modified; for
example, tryptophan (Trp) oxidation products like 5-hydroxytryptophan
(5-OH-Trp), N-formylkynurenine (NFK) and kynurenine (KN) are found
in the skin of sufferers [4].

Another clinical hallmark of vitiligo is the characteristic fluorescence
of white skin patches when exposed to Wood’s light (351 nm) exami-
nation [5]. This fluorescence has been attributed to the accumulation of
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aromatic pterins in the epidermis of affected individuals. Based on the
epidermal overproduction of 5,6,7,8-tetrahydrobiopterins, the high
levels of HyO5 and the lack of melanin in depigmented skin of these
patients, it was plausible to assume that the oxidation and
photo-oxidation of reduced pterins could occur, yielding aromatic
pterins as products [6-11]. Pterins, a family of heterocyclic compounds
derived from 2-aminopteridin-4(1H)-one, can exist in living systems in
different redox states [12] and may be classified into three classes ac-
cording to this property: fully oxidized (or aromatic) pterins, and
dihydro and tetrahydro derivatives. The photochemistry and photo-
physics of pterins depend on their oxidation state [13]. Aromatic pterins
are photochemically reactive in aqueous solutions and, under UV-A
excitation (320-400 nm), they can fluoresce, undergo photooxidation
to produce different products, and generate ROS such as singlet oxygen
(102) and superoxide anion (0%) [13,14]. These molecules can act as
potential photosensitizers through both type I (electron transfer and/or
hydrogen abstraction) and type Il mechanisms (singlet oxygen) [15], the
predominant one depends on a combination of many factors, such as
quantum yields of 10, production by the photosensitizer, reactivity of
the substrate towards 'Os, target molecule redox potential and presence
of selective scavengers in the media [16,17].

Pterin (Ptr, Fig. 1), the parent and unsubstituted compound of
oxidized pterins, under UV-A radiation is able to photoinduce damage in
peptides and proteins present in the skin [18]. Studies performed with
serum albumin (human and bovine) revealed that Ptr photosensitizes
the oxidation and the oligomerization of albumin [19]. The photo-
chemical reactions lead to the degradation of at least two amino acid
residues: Trp and tyrosine (Tyr). In this process, albumin undergoes
cross-linking, the bonds between the protein molecules are, at least in
part, dimers of Tyr (Tyrp). Trp is also consumed in the photosensitized
process and NFK was identified as one of its oxidation products. These
processes are purely dynamic and the main mechanism is initiated by
electron transfer from the amino acid residues able to be oxidized by the
triplet excited state of Ptr Cptr*) [19].

The behaviour of aromatic pterins as endogenous photosensitizers is
relevant to understand the harmful effects of radiation on skin, and is of
particular interest in depigmentation disorders.With this background;
the goal of the present work is to deepen the knowledge of the capability
of pterins to photoinduce damage to molecules that are found in the
skin. Taking this into account, 5-OH-Trp (Fig. 1) is target of choice as it
has been found in the skin of vitiligo patients. Moreover, together with
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Fig. 1. Molecular structure and absorption spectra of pterin (Ptr) (black solid
line) and 5-hydroxytryptophan (5-OH-Trp) (red dashed line) in air-equilibrated
aqueous solutions at pH 5.5.
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its derivatives, it has been suggested as potential endogenous antioxi-
dant [20,21] having the ability to repair oxidized free-radical in-
termediates, such as indolyl of tryptophan, via one-electron transfer
reaction. Based on the afore mentioned data, the simultaneous presence
of Ptr and 5-OH-Trp in vitiligo patches together with the lack of
pigmentation of these skin areas might boost their potential photo-
chemical interaction, and result in photoproducts of biomedical
relevance.

2. Material and methods
2.1. General

Chemicals. Pterin (Ptr) and 6-methylpterin (Mep)(purity >99 %,
Schircks Laboratories, Switzerland), 5-Hydroxy-i-tryptophan (5-OH-
Trp, purity >99 %), potassium iodide (KI), deuterated water (D20),
superoxide dismutase (SOD) from bovine erythrocytes (lyophilized
powder, >95 % biuret, >3000 units per mg of protein) and formic acid
(HCOOH) were provided by Sigma-Aldrich and used without further
purification. Experiments were carried out in aqueous solutions pre-
pared using deionized water (specific electrical resistance of water was
~10 MQ cm) further purified in a Milli Q Reagent Water System
apparatus.

Measurements of pH. The pH measurements were performed using a
pH-meter sensION + pH31 GLP combined with a pH electrode 5010T
(Hach) or microelectrode XC161 (Radiometer Analytical). The pH of the
aqueous solutions was adjusted by adding drops of HCl and NaOH so-
lutions from a micropipette. The concentration of the acid and the base
used for this purpose ranged from 0.1 to 2 M.

2.2. Steady-state irradiation

The continuous irradiation of the solutions containing photosensi-
tizer (Ptr or Mep) and 5-OH-Trp were carried out in quartz cells at room
temperature. Three different irradiation systems were employed: (I) the
sample (1 mL) in quartz cell (1 cm optical pathlength) was irradiated
with a Rayonet RPR 3500 lamp (Southern N.E.Ultraviolet Co.) with
emission centered at 350 nm (bandwidth (full width at half-maximum)
of ~20 nm, power 8 W), the distance between the lamp and the sample
was 3 cm; (II) the sample (1 mL) (1 cm optical pathlength) was irradi-
ated with two Rayonet RPR 3500 lamps the sample was at a distance of
3 mm from each lamp, (III) the sample (2 mL) was irradiated with
Newport equipment composed by a Xenon Lamp (300 W), coupled,
through a Mounting Kit (Model 74017), to a motorized monochromator
UV-VIS (Oriel Cornerstone 130 1/8 m).

The experiments were performed in the presence and absence of
dissolved O,. Experiments with air-equilibrated solutions were carried
out in open quartz cells without bubbling but stirring during irradiation
time. Argon saturated solutions were obtained by bubbling for 20 min
with this gas, previously water saturated (Linde, purity >99.998 %).

Aberchrome 540 (Aberchromics Ltd.) was used as an actinometer for
the measurement of the incident photon flux densitity (qg;;,’ ) at the
excitation wavelength, which is the amount of incident photons per time
interval (qg p) and divided by the volume of the sample [22]. The method
for the determination of qﬁ;}}’ has been described in detail elsewhere [23].
The values of qul‘,’ measured for the radiation sources were 4.0 (+0.4) x
10°° E L7! s 'and 2.5 (+0.3) x 10~° for irradiation setup I and II,
respectively. Taking into account that the lamp emits
quasi-monochromatic radiation, qg;’}’ value was converted into the UV

irradiance of the lamp (E%,V) with equation (1).
\%4
Ejy =, Nahv 5 @

where Nhv is the energy of a mol of photons emitted by the lamp and V



J.J. Farias et al.

and S are, respectively, the volume and the area exposed to irradiation of
the cell used. A value of 6.0 (+0.9) and 40 (+0.4) W m~2 were obtained
for EL;, when the sample were exposed to irradiation setup I and II,
respectively.

2.3. Analysis of irradiated solution

UVis spectrophotometric analysis. Electronic absorption spectra
were recorded on a Shimadzu UV-1800 spectrophotometer. Measure-
ments were made using quartz cells of 0.4 or 1 cm optical pathlength.
The absorption spectra of the solutions were recorded at regular in-
tervals of irradiation time.

High-performance liquid chromatography (HPLC). A Prominence
equipment from Shimadzu (solvent delivery module LC-20AT, on-line
degasser DGU-20A5, communications bus module CBM-20, auto
sampler SIL-20A HT, column oven CTO-10AS VP, photodiode array
(PDA) detector SPD-M20A and fluorescence (FL) detector RF-20A) was
employed for monitoring the photochemical processes. A Synergi Polar-
RP column (ether-linked phenyl phase with polar endcapping, 150 x
4.6 mm, 4 pm, Phenomenex) was used for product separation and to
analyze the progress of the photochemical processes. 100 % aqueous
solution of formic acid (HCOOH, 25 mM, pH 5.0) was used as mobile
phase.

In some cases, for further analysis, the products were isolated from
HPLC runs (preparative HPLC), by collecting the mobile phase after
passing through the PDA detector.

Detection and quantification of H20,. For the determination of
H50,, a Cholesterol Kit (Wiener Laboratorios S.A.I.C.) was used. HoOo
was quantified after reaction with 4-aminophenazone and phenol [24,
25]. Briefly, 500 pL of irradiated solution were added to 600 pL of re-
agent. The absorbance at 505 nm of the resulting mixture was measured
after 30 min at room temperature, using the reagent as a blank. Aqueous
H,03 solutions prepared from commercial standards were employed for
calibration.

Determination of Oy concentration. The Oy consumption during
irradiation was measured with an Os-selective electrode (Hansatech).
The solutions and the electrode were placed in a closed glass cell of 2 mL.

Mass spectrometry analysis. Mass analyses were performed on two
different systems. The first set-up is composed of Shimadzu modules: a
DGU-405 degassing unit, a LC-40D xs solvent delivery module, a SCL-40
system controller, SIL-40C xs autosampler, a CTO-40C column oven, a
SPD-M40 Photodiode array detector, and a Triple Quadrupole Mass
Spectrometer LC 840 model. The same column (Sinergy Polar-RP col-
umn, 150 x 4.6 mm, 4 pm, Phenomenex) and eluting conditions (100 %
aqueous solution of HCOOH) as described in the “High-performance
liquid chromatography” section were used; injection volume was 20 pL.
Analysis was performed using electrospray in positive mode with a
capillary voltage of 4.5 kV. The following MS parameters were used in
the analysis: Nebulizing Gas flow: 3 L min~?, Drying Gas flow: 15 L
min~!, Interface temperature: 350 °C, Desolvation Line temperature:
250 °C, and Heating Block: 400 °C. The data were processed using Lab
Solutions software.

The second system was used to determine the exact mass of the ob-
tained photoproducts. It consists of a XevoQT of spectrometer (Waters
coupled with an ultra-performance liquid chromatography system, with
an autosampler conditioned at 10 °C. The separation was carried out on
an UPLC with a Zorbax Eclipse Plus C18 (100 x 4.6 mm, 3.5 pm) column
(ZC). The mobile phase was composed of 0.1 % HCOOH aqueous solu-
tion (component A) and 0.1 % HCOOH in acetonitrile (component B),
and the flow rate was of 0.3 mL min~'. The column was equilibrated
with 100 % of A and a gradient was applied to reach A:B 5:95, v/v, over
22 min. The ESI source was operated in positive ionization mode with
the capillary voltage at 1.6 kV, respectively. The source’s temperature
was set at 120 °C (positive mode), and the cone and desolvation gas
flows were 10 and 800 L h™!, respectively. All data were collected in
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centroid mode, and Leucine-enkephalin was used as the lock mass
generating and [M+H]" ion (m/z 556.2771) at a concentration of 250
pg/mL and flow rate of 50 L min~! to ensure accuracy during the MS
analysis.

Fluorescence spectroscopy. Fluorescence measurements were per-
formed using a Single-Photon-Counting equipment FL3 TCSPC-SP
(Horiba JobinYvon). The equipment has been previously described in
detail [26].

Steady-state experiments. The sample solution in a quartz cell was
irradiated with a 450 W Xenon source through an excitation mono-
chromator. The fluorescence, after passing through an emission mono-
chromator, was registered at 90° with respect to the incident beam using
a room-temperature R928P detector. Corrected fluorescence spectra
obtained by excitation at 340 nm were recorded between 380 and 550
nm, and total fluorescence intensities (Ir) were calculated by integration
of the fluorescence band centered at ca 440 nm.

Time-resolved experiments. NanoLED source (maximum at 341 nm)
was used for excitation. The emitted photons, after passing through the
iHR320 monochromator, were detected at ca 440 nm by a TBX-04 de-
tector connected to a TBX-PS power supply and counted by a FluoroHub-
B module, controlled using the Data Station measurement control soft-
ware application. The selected counting time window for the measure-
ments reported in this study was 0-200 ns.

Laser Flash Photolysis. Laser flash photolysis (LFP) experiments
were performed using a LP980 equipment. Briefly, pterins excitation
was performed with the third harmonic at 355 nm of a Nd:YAG Surelite
I11-10 laser (6 ns fwhm, 10 mJ per pulse) of Continuum. The transient
absorption spectra and decays of aqueous solutions of Ptr (~90 pM) and
different 5-OH-Trp concentrations previously saturated by bubbling of
Ar were recorded with the LP980 laser-flash photolysis apparatus
(Edinburgh Instruments) linked to a 300 MHz Tektronik TDS 3012C
digital oscilloscope for signal acquisition. The signal analysis was done
with the Origin Pro 8.5 software from Origin Lab Corporation.

3. Results and discussion
3.1. Photosensitization of 5-hydroxytryptophan in the presence of oxygen

The first aim of this work was to find out if pterin (Ptr) was able to
photoinduce the oxidation of 5-hydroxytryptophan (5-OH-Trp) in
aqueous solutions upon UV-A irradiation. Therefore, air-equilibrated
aqueous solutions containing Ptr and 5-OH-Trp were exposed to UV-A
(350 nm) radiation for different periods of time (Irradiation setup I,
Material and methods Section). Under these experimental conditions
only Ptr was excited, as it can be inferred from the corresponding ab-
sorption spectra (Fig. 1). To better mimic the physiological conditions,
experiments were performed using Ptr concentrations of the same order
of magnitude as those found in human skin affected by vitiligo [27], and
a pH of approximately 5.5, which is within the range of skin pH (varying
between 4.5 and 5.8). It is noteworthy that under these conditions Ptr is
present at more than 99 % in its acid form [13].The samples were
analyzed by UV-vis spectrophotometry, HPLC and the concentration of
H,0; produced was measured (Material and methods Section).

The concentration profiles of Ptr and 5-OH-Trp, determined by
HPLC, showed a decrease of the 5-OH-Trp concentration as a function of
irradiation time, whereas the Ptr concentration did not change in the
analyzed time-window (Fig. 2). Accordingly, four products called P1,
P2, P3 and P4 at retention times (tg) 3.5 min, 4.5 min, 7.5 min and 11.6
min, respectively, were detected by HPLC analysis of the irradiated so-
lutions (Analysis of product Section) (Fig. S1, Supplementary material).
H20, was found to be generated and its concentration increased as a
function of irradiation time. However, its rate of production was lower
than that corresponding to the initial rate of 5-OH-Trp consumption
(Fig. 2). To discard a thermal reaction between HyO5 and 5-OH-Trp a
control experiment was performed in which 5-OH-Trp was exposed to
H20,, at a concentration much higher than that generated during the



J.J. Farias et al.

120

Concentration (uM)
N [*)) o] 5
S S S S

[\
(=]

0 T T T T T
0 2 4 6 8 10
irradiation time (min)

Fig. 2. Evolution of the 5-OH-Trp, Ptr and H,O, concentrations in air-
equilibrated aqueous solutions under UV-A irradiation as a function of time.
[5-OH-Trplo = 98 pM, [Ptr]p = 110 pM, irradiation system I, pH = 5.5 + 0.1.

photochemical reaction, for a time longer than that used in the irradi-
ation experiments. No consumption of 5-OH-Trp was observed (Fig. S2a,
Supplementary material).

In experiments performed with a different optical geometry (Irradi-
ation setup III, Material and methods Section), an Os-selective electrode
was used to monitor the decrease of the Oy concentration upon irradi-
ation of air-equilibrated solutions containing 5-OH-Trp (310 pM) and Ptr
(110 pM) at pH 5.5 (Fig. 3). Control experiments in the absence of 5-OH-
Trp, showed that the consumption of O, resulting from the photolysis of
Ptr itself [28] was negligible in comparison with that observed in the
presence of 5-OH-Trp (Fig. 3). No consumption of Oy was observed when
5-OH-Trp was exposed to UV-A radiation in the absence of Ptr (Fig. 3). In
several experiments, for determining the relationship between Oy and

0.25 A

[0,] (107 M)

0.15 T T T T T
0 5 10 15 20 25
irradiation time (min)

Fig. 3. Evolution of the O, concentration in irradiated solutions containing 5-
OH-Trp and Ptr as a function of time (black solid line). Control experiment:
photolysis of Ptr in the absence of 5-OH-Trp (black dashed line) and 5-OH-Trp
in the absence of Ptr (gray dashed line). [5-OH-Trplp = 310 pM, [Ptr]p = 110
uM, irradiation system III, pH = 5.5.
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5-OH-Trp consumptions (A[O3]/A[5-OH-Trp]), the solutions were
analyzed by HPLC, before and after irradiation, to obtain the initial and
final 5-OH-Trp concentrations, respectively. A value of ca 0.9 was ob-
tained for A[O2]/A[5-OH-Trp] calculated for different irradiation times.

Thermal reactions between Ptr and 5-OH-Trp were discarded after
control experiments performed by keeping solutions containing both
compounds in the dark (Fig. S2b, Supplementary material). In another
set of control experiments, 5-OH-Trp (107 puM, pH 5.5) solutions were
irradiated in the absence of Ptr and no significant change of the 5-OH-
Trp concentration was detected, thus discarding, as expected, direct
effects of the radiation used on the 5-OH-Trp molecule (Fig. S2c, Sup-
plementary material).Therefore, the results presented in this section
clearly demonstrate that Ptr photosensitizes the oxidation of 5-OH-Trp
under UV-A irradiation in air-equilibrated acid aqueous solutions.

In order to check the effect of the O, concentration, a new set of
experiments were performed in Og-saturated solutions at pH 5.5. Con-
centration profiles clearly showed that the rates of Ptr sensitized 5-OH-
Trp disappearance was greater in air-equilibrated than in O-saturated
solutions (Fig. 4).

It has been proved that Oy quenches efficiently the triplet excited
state of aromatic pterin derivatives (3Pt*) [29]. The reduction in the rate
of 5-OH-Trp consumption when Oy concentration increases, strongly
suggests that the >Pt* is involved in the photosensitization of 5-OH-Trp.
To further investigate this, we have performed experiments in the
presence of iodide (I"). It has been previously demonstrated that I™ at
micromolar concentrations is an efficient and selective quencher of 3Pt*
[30,31]. Therefore, photosensitization experiments were carried out in
air-equilibrated aqueous solutions containing 5-OH-Trp (93 pM) and Ptr
(115 pM) at pH 5.5 in the presence of KI (450 pM). The results revealed
that, under these conditions, the rate of 5-OH-Trp consumption was
slower than in the absence of I" (Fig. 5a). Thus, considering that no
quenching of the singlet excited state of Ptr (*Ptr*) was previously
observed at 450 pM of I concentration [31] the inhibition of the pho-
tosensitized degradation of 5-OH-Trp by I~ suggests the participation of
the triplet excited state of Ptr (3Ptr"“).

Indeed, it is now well established that, on the one hand, *Ptr* gives
rise to efficient singlet oxygen (104) formation upon UV-A irradiation
(®p = 0.18 + 0.02) [13], and on the other hand, this ROS is effectively
quenched by 5-OH-Trp with a total quenching rate constant of 10 of
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0 2 4 6 8 10

irradiation time (min)

Fig. 4. Time evolution of 5-OH-Trp (filled symbols) and Ptr (empty symbols)
concentration in air-equilibrated, O,-saturated and O,-free aqueous solution
under UV-A irradiation. ([5-OH-Trplo = 107 pM, [Ptr]p = 115 pM, irradiation
system I, pH = 5.5). Errors on individual experimental points are ~4 pM.
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Fig. 5. Time evolution of 5-OH-Trp concentration during irradiation of air-
equilibrated solution containing 5-OH-Trp and Ptr. a) in the absence and in
the presence of KI ([5-OH-Trplo = 93 pM, [Ptr]o = 115 pM; b) in D,0 and H,0
([5-OH-Trplp = 100 pM, [Ptr]o = 120 pM; c) in the absence and in the presence
of SOD, inset: evolution of H,O, concentration as a function of irradiation time
([5-OH-Trplo = 90 pM, [Ptr]o = 115 pM). Irradiation system I, pH = 5.5.

1.26 (£0.4)x 108 M 's~1 [32]. Therefore, it may be assumed that a type
II mechanism is the origin of 5-OH-Trp photo-oxidation. To explore this
point comparative photolysis experiments were performed in H,O and
D,0. Given that the 102 lifetime in D90 is much longer than that in H,O
(c.a. 60 ps and 4 ps, respectively) [33] the rate of consumption of
5-OH-Trp should be about 15 times faster in the D0 than in HyO if the
process takes place through a pure type II mechanism. Therefore,
air-equilibrated solutions containing Ptr (120 pM) and 5-OH-Trp (100
pM) in H0 and DO at pH/pD 5.5 were irradiated under identical
conditions (Irradiation setup I, Material and methods Section). The rate
of 5-OH-Trp consumption was barely higher in DO (Fig. 5b), but much
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lower than expected considering a pure type II mechanism. This might
be interpreted as the competition between different processes as sug-
gested by the significant difference between the rate constants of the
reaction of amino acids with 102 (Type II) [34] and with 3Ptr*(Type D
[35].

Therefore, if the contribution of 10, may be discarded or is negli-
gible, a mechanism initiated by an electron transfer from the amino acid
to the 3Ptr* should be considered. The thermodynamic feasibility of this
electron transfer between 5-OH-Trp and ®Ptr* was determined using the
Gibbs energy of photoinduced electron transfer Equation (2) [36]:

AG = E°(5-OH-Trp*t/5-OH-Trp)- E(Ptr/Ptr*) — Ex(Ptr) )

where E°(5-OH-Trp**/5-OH-Trp) is the reduction potential of 5-OH-Trp
(ca. 0.64 V vs NHE) [32], E°(Ptr/Ptr*) is the reduction potential of Ptr
(ca. —0.55 V vs NHE) and Er{(Ptr) is the triplet excited state energy of Ptr
(ca. 2.52 eV) [37]. A value of AG = —1.34 eV was obtained, supporting
that a photoinduced electron transfer between 5-OH-Trp and 3Ptr* can
spontaneously occur.

Moreover, it is well established that, in a typical type I process,
ground state O will readily quench an organic radical anion to produce
the superoxide anion (037) [38,39]. The detected H,O- (vide supra) can
then be the product of the spontaneous disproportionation of O3~ in
aqueous solution [40]. Therefore, we have investigated the participation
of 03" in the mechanism, by performing experiments at pH 5.5 in the
presence of superoxide dismutase (SOD), an enzyme that catalyzes the
conversion of O3 into Hy03 and O [41]. The data showed a significant
increase in the rate of 5-OH-Trp consumption and HyO, production
when SOD was present in the solution (Fig. 5c). These results suggest
that trapping of O3~ by SOD represents a pathway competing with a step
that prevents the photoinduced oxidation of 5-OH-Trp (a more thorough
explanation will be offered in the “Mechanism Overview Section”).

3.2. Photosensitization of 5-hydroxytryptophan in the absence of oxygen

In experiments carried out in deoxygenated solutions (Irradiation
setup I, Experimental Section), HPLC measurements showed a slight 5-
OH-Trp consumption (Fig. 4), being P1, P2 and P3 the only photo-
products detected (Analysis products Section). No photosensitizer con-
sumption was registered. To further investigate this point, new steady-
state experiments in different conditions to those carried out in Fig. 4
were performed: higher 5-OH-Trp concentration (290 pM), higher
irradiation intensity (Irradiation setup II, Experimental Section) and
longer irradiation time. Under this experimental condition, considerable
consumptions of 5-OH-Trp and Ptr were observed (Fig. S3, Supple-
mentary material). These results suggest that 5-OH-Trp is photo-
sensitized by Ptr in the absence of Oy in a process slower than that
observed in air-equilibrated solutions.

In previous reports we have demonstrated that aromatic pterins can
undergo photoreduction in some particular cases, in which two condi-
tions must be achieved: the absence of O, and the presence of a suitable
electron donor [30,42]. In this reaction 7,8-dihydropterin derivatives
are formed. The results described in the previous paragraph might be
explained assuming a redox reaction where Ptr undergoes photoreduc-
tion. 7,8-Dihydropterin (HyPtr) is not commercially available and un-
stable, which makes it is difficult to confirm its formation in our reaction
system. Therefore, we carried out additional experiments using 6-meth-
ylpterin (Mep). Mep is a compound with photochemical properties
similar to Ptr [13], but its corresponding dihydroderivative, 6-methyl-7,
8-dihydropterin (HoMep), is commercially available, rather stable and
well characterized by chromatography [43]. The experiments were
performed using the irradiation setup II (Material and methods Section),
but at higher concentrations of 5-OH-Trp (300 pM) to favor the reaction.
The HPLC-PDA, HPLC-MS and UPLC-HRMS analysis of irradiated solu-
tions confirmed that HoMep is generated during irradiation, thus
proving the photoreduction of the photosensitizer (Fig. S4 and Table S1,
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Supplementary material). The concentration profiles showed that
5-OH-Trp and Mep, as in the case of Ptr, were also consumed, while
HoMep concentration increased as a function of irradiation time (Fig. 6).
A control experiment was performed in which 5-OH-Trp, under anaer-
obic condition, was irradiated in the absence of Mep. The HPLC analysis
showed that 5-OH-Trp consumption is negligible in comparison with the
consumption observed when Mep is present in the solution, confirming
that the decreased in 5-OH-Trp concentration is due to a photosensiti-
zation process (Fig. S5a, Supplementary material). Another control
experiment was performed in which Mep solution was exposed to UV-A
radiation in the absence of 5-OH-Trp (Fig. S5b, Supplementary mate-
rial). Although the Mep concentration decreased as a function of irra-
diation time, no HoMep formation was observed under these conditions.
This result confirms that the photosensitizer is reduced only when
5-OH-Trp is present in the solution.

3.3. Deactivation of pterin excited state by 5-hydroxytryptophan

The study of the interaction of excited states of photosensitizers with
biomolecules is useful to explain the mechanisms of photoinduced
processes and to explore potential applications. Fluorescence quenching
is a powerful tool for investigating the interaction of singlet excited
states of fluorescent compounds with other molecules. Ptr in aqueous
solution (pH = 6.0) under UV-A radiation forms 1Ptr"“', with a lifetime
(tp) of 7.6 (+0.4) ns and a fluorescence quantum yield (®g) of 0.33
(£0.01) [13]. Several studies have been performed on the quenching on
1ptr* by nucleotides and amino acids, finding that the efficiency of this
process depends on the chemical structure of the quencher [35,44]. In
the case of 5-OH-Trp, the deactivation of 'Ptr* has not been previously
studied. Therefore, fluorescence emission of the neutral form of Ptr (17
puM) was recorded in the presence and in the absence of 5-OH-Trp (0-4
mM), both in steady-state and time-resolved experiments (Material and
methods Section). Emission spectra of Ptr were registered and a strong
decrease in the fluorescence intensity (Ir) was observed with increasing
5-OH-Trp concentration (Fig. 7). In addition, the wavelength of the
emission maximum remained unchanged (Fig. 7).

Furthermore, time-resolved studies were performed in the same
experimental conditions; the emission was recorded at 440 nm. In the
absence of 5-OH-Trp, a first-order kinetic was observed for the fluores-
cence decay of Iptr*, with a tp value of 8.4 (+0.7) ns, which is in
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Fig. 7. Quenching of the fluorescence of Ptr by 5-OH-Trp. Stern-Volmer plots of
the fluorescence intensities (I) and the fluorescence lifetimes (Tg). Aexe = 350
nm, ey, = 440 nm, pH = 5.5. Left inset: Corrected fluorescence spectra regis-
tered at different 5-OH-Trp concentrations (0, 0.98 mM, 1.97 mM, 3.93 mM).
Right inset: analysis of combined dynamic and static quenching: plot of
1075 /Ip1d vs. 5-OH-Trp concentration.

accordance, within the experimental error, with the previously pub-
lished lifetime [13]. In the presence of different concentration of
5-OH-Trp, also first-order kinetics were observed for all the decays and
the corresponding 7r values decreased as a function of 5-OH-Trp
concentration.

Fluorescence quenching can be evaluated by a Stern—Volmer analysis

[45]. Considering the collision encounters between Iptr* and 5-OH-Trp,
purely dynamic quenching takes place and the results can be fitted with
Equation (3):
I 1 0
E:;:1-‘rKD[S—OH—Trp]:1+k§TF[5—0H—Trp] 3
where 18 and Iy are the integrated fluorescence intensities, and ‘rg and Tf
(s) the fluorescence lifetimes in the absence and in the presence of 5-OH-
Trp, respectively, Kp (= kg 1) is the Stern-Volmer constant, with kg as
the bimolecular quenching rate constant of the 'Ptr*. Therefore, if I3/Ir
vs. [5-OH-Trp] and rg/rp vs. [5-OH-Trp] are linear and coincident, a
purely dynamic process can be assumed. However, when static
quenching due to the formation of a 1:1 ground state complex between
the fluorophore and the quencher occurs, the steady-state quenching is
obtained from the contribution of both dynamic and static quenching
components (Equation (4)),

IO 0
I—F:(lJrKD[SfOHfTrpD (1+K5[570H7Trp])::l(1+K5[570H7Trp])
F F

@
where Kg is the equilibrium constant for complex formation. Since 15
only depends on dynamic quenching, Kp and the corresponding k‘;

values are obtained by plotting T%/TF vs. [5-OH-Trp] (Equation (3)),
while Ks can be easily obtained by rearranging Equation (4) as follows:

LIy 4+ Ky[5— OH — Trp] (5)
Iy 1

The Stern-Volmer analysis of Ir and 7 showed that the slope from the
plots of I/ Ir vs. [5-OH-Trp] and 7%/ 7z vs. [5-OH-Trp] are not
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coincident, indicating a deactivation of 'Ptr* by a combination of dy-
namic and static processes. The qu value obtained by plotting t5/t5 vs.
[5-OH-Trp] was 3.6 (+£0.6) x 10° M~ !s7!, which is in the range of
diffusion-controlled limit. In addition, the plot of I37p/Ir72 vs.5-OH-Trp
concentration was perfectly linear (Fig. 7, inset), confirming the
assumption of a combined dynamic and static (ground state complex)
quenching mechanism, and the corresponding Ks value was calculated
to be 64 (+£9) M~ L. It indicates the association between Ptr ground state
and 5-OH-Trp, which will be significant only at relatively high 5-OH-Trp
concentrations.

In addition to the fluorescence emission, 'Ptr*undergoes intersystem
crossing to form short and a long-lived triplet excited states (3Ptr*),
corresponding to the lactim (0.36 (40.08) ps) and lactam (3.9 (+0.7) ps)
tautomers, respectively [29]. However, the 3ptr* lactam tautomer has
been shown to be the only responsible for the photosensitized reactions
using nucleotides, amino acids and proteins as targets [19,29,35]. Thus,
interaction between Ptr* and 5-OH-Trp was investigated by laser flash
photolysis (LFP) experiments under anaerobic conditions (Material and
methods Section). The lifetime for Sper* (z7) was recorded in the absence
and in the presence of different 5-OH-Trp concentrations (Fig. 8). A
growth was observed at 350 nm, which was selected as analysis wave-
length. These signals obtained at different concentrations of 5-OH-Trp
can be fitted with a mono-exponential growth function, and the
Stern-Volmer analysis was carried out using Equation (6) (Fig. 8)

0
;_T: 1+ K}[5 — OH — Trp| = 1 + K" "3 [5 — OH — Trp] 6)
T

where ‘r(% and 77 are the triplet lifetimes (in s) in the absence (r‘% =G4+
0.8) 107% s) and in the presence of 5-OH-Trp, respectively, and [5-OH-
Trp] the concentration of the 5-OH-Trp in M. The Stern-Volmer plot
obtained (Fig. 8) was linear and a value for kg’OH'TrP of (2.9 &+ 0.4) 10°
M~!s7! was determined. Hence, these results confirm the efficient
quenching of 3Ptr* by 5-OH-Trp.

The results presented up to now strongly suggest that the photo-
degradation of 5-OH-Trp is initiated by an electron transfer from 5-OH-
Trp to the 3Ptr*. To explore this, we investigated the formation of the 5-
indoloxyl-radical cation (5-OH-Trp®") using LFP technique. S. Dad et al.
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Fig. 8. Stern-Volmer plot of the quenching of the Ptr* by 5-OH-Trp. 1 values
were calculated analyzing the transient absorbance AA vs. t; excitation wave-
length 355 nm, analysis wavelength 350 nm, [Ptr]o = 90 pM. Inset: Time
dependence of the absorbance at 350 nm at 0 (black line) and 0.25 mM (gray
line) of 5-OH-Trp.
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have characterized this radical by LFP, finding that the main feature of
neutral 5-indoloxyl-radical (5-OH-Trp®) spectrum is the absorption
maximun at 400-420 nm with around hundreds microseconds lifetime
in water solvent (pK; = — 0.7 £ 0.1) [32]. Transient absorption spectra
obtained by laser-pulsed excitation of Ar-saturated solutions (pH 5.5)
containing Ptr (90 uM) in the absence and in the presence of 5-OH-Trp
(250 pM) were registered at different times after the laser pulse. In the
absence of 5-OH-Trp the spectrum obtained showed a band with a
maximum at around 430 nm and an absorption at wavelength longer
than 500 nm, this spectrum satisfactorily correlated with the known
spectral properties of *Ptr* [29]. When 5-OH-Trp is added to the Ptr
solution, at a concentration in which the *Ptr* is completely deactivated,
the spectrum obtained has an absorption band with a maximum between
400 and 420 nm (Fig. 9), which is characteristic of the neutral radical of
5-OH-Trp. Furthermore, an increase in absorbance is observed in the
region around 350 nm, which corresponds to the formation of the
radical. Consequently, the results confirm that the formation of the
g-OH-Trp radical proceeds by electron transfer from the 5-OH-Trp to
Ptr*.

3.4. Analysis of 5-hydroxytryptophan photoproducts

To complete the present study the analysis of products was carried
out. For this, aqueous acid solutions containing 5-OH-Trp and Ptr (or
Mep), at different Oy concentrations, were analyzed by HPLC-PDA,
fluorescence spectroscopy, HPLC-MS and UPLC-HRMS, before and
after irradiation (Material and methods Section). As mentioned before,
the HPLC-PDA analysis showed that, in air equilibrated aqueous solu-
tion, the photosensitization of 5-OH-Trp led to the formation of at least
four products, called P1, P2, P3 and P4 (Fig. 10 and Fig. S1). Analysis of
the chromatograms obtained at different wavelengths showed that the
area of P1 and P2 peaks increased simultaneously (Fig. 10b and c), and
were much larger than that corresponding to P4 (Fig. 10d). The spectra
of the photoproducts P1 and P2 are quite similar with maxima at ca. 276
and 302 nm (Fig. 10a), while P4 showed the spectral features reported
for tryptophan-4,5-dione (Fig. 10a) [46] with absorption bands at 250,
350 and 530 nm. Concerning the peak of P3, a poorly resolved spectrum
with maxima at ca. 280 and 309 nm (Fig. S6, Supplementary Material)
was extracted from the chromatograms; nevertheless, P3 intensity is too
small to represent accurately the changes of its area as a function of
irradiation time.
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Fig. 9. Transient absorption spectra of Argon flushed aqueous solution of Ptr

(90 pM) at pH 5 in the absence (black triangle, 1 ps after the laser pulse) or in
the presence of 250 pM 5-OH-Trp (white triangle, 9 ps after the laser pulse).
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Fig. 10. a) HPLC-PDA chromatograms registered at 280 nm of a solution
containing 5-OH-Trp and Ptr under aerobic (dashed gray line) and anaerobic
conditions (solid gray line), before (solid black line) and after 10 min of irra-
diation. Inset: absorption spectrum of P1, P2 and P4. Time evolution of b) P1, c)
P2 and d) P4 area in air-equilibrated, O,-saturated and O,-free aqueous solution
under UV-A irradiation. ([5-OH-Trp]lo = 107 pM, [Ptr]o = 115 pM, irradiation
system I, pH = 5.5).

To gain insight on the structural characteristics of the products
formed by the photosensitization of 5-OH-Trp, a qualitative analysis of
these compounds was first carried out by HPLC coupled to mass spec-
trometry (HPLC-MS, Material and Methods Section) using the same
column and conditions as for the HPLC-PDA analysis. Before irradiation
chromatograms showed two peaks, and the mass spectrum recorded for
these peaks exhibited the signal corresponding to the intact molecular
ion of 5-OH-Trp and Ptr as [M + HIT species at m/z 221.1 (M: 5-OH-Trp)
and 164.1 (M: Ptr), respectively (Table 1) (data not shown). After the
irradiation, the mass spectrum at the retention times corresponding to
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Table 1
Molecular formula, observed and calculated mass and mass error of 5-OH-Trp,
Ptr and photoproducts detected in UPLC-HRMS spectra.

Compound  Elemental ESI * (M + H]"
iti M
composition (M) ion calculated observed Error
(m/2) (m/2) (ppm)
5-OH-Trp C11H12N203 MH" 221.0935 221.0926 4.1
Ptr CgHsNsO MH™" 164.0572 164.0577 3.0
P1 Ca2H2oN406 MH™ 439.1618 439.1620 0.5
P2 Co2H2oN406 MH" 439.1618 439.1619 0.2
P3 C33H32N60g MHZ"  329.1194 329.1193 0.3
P4 C11H10N204 MH™" 235.0719 235.0725 3.4

P1, P2, P3 and P4 were recorded (Fig. S7, Supplementary Material). The
mass spectra of P1 and P2, obtained in ESIT mode, showed m/z of 439.1
that is consistent with the formation of 5-OH-Trp dimers, (5-OH-Trp),
with formula [2M-2H + H] ", being M: 5-OH-Trp (Fig. S7, Supplemen-
tary Material). The mass spectrum recorded at the retention time of P4
showed a signal at m/z 235.1 (Fig. S7, Supplementary material), which
agrees with its assignment as tryptophan-4,5-dione (Fig. 11). Finally, the
mass spectrum registered at tg corresponding to P3 showed a signal at
m/z 329.1, which may be assigned to a (doubly charged) ion from 5-OH-
Trp trimer (5-OH-Trp)s (Fig. S7, Supplementary Material). This finding
is interesting because it shows that the cross-linking of 5-OH-Trp does
not stop in dimers, and that oligomers can be formed. Apart from these
four main products, some additional products, with weak signals, were
detected by HPLC-MS analysis. In particular, the m/z signals at 237 and
253 were registered, corresponding to products in which OH-Trp has
incorporated one and two oxygen atoms, respectively. These results
indicate that the products initially detected by HPLC-PDA analysis and
confirmed by HPLC-MS analysis (P1, P2, P3 and P4) are not the only
ones and, in contrast, other oxidation products, at lower concentrations,
are also formed. This fact is expected taking into account the tryptophan
photooxidation, which is very complex [1,47,48].

The molecular formulas of P1, P2, P3 and P4 were further confirmed
by UPLC-HRMS, and the exact mass was obtained for the four photo-
products and initial compounds (Table 1). Thus, taking into account that
P1 and P2 have the same molecular weight and absorption spectra, their
structures should be different enough to produce a variation in the
retention time in the chromatographic runs, which allows their sepa-
ration and independent analysis. Indeed, numerous isomers have been
proposed in the literature for Trp and 5-OH-Trp dimers [48,49] as they
can arise from formation of a covalent link between the different atoms
of the indolyl or phenyl moieties. Further structural information can be
generally inferred from MS/MS analysis. The MS/MS spectra of P1 and
P2 (Fig. S8, Supplementary material) revealed the typical fragmentation
of the peptide side chain [50]. Interestingly, no signal corresponding to
the fragmentation of the dimer into its original units was detected as
proposed for indole-linked Trp dimers [51-53]. To get more information
about the photophysical properties of P1 and P2, both products were
isolated from the HPLC runs and the fluorescence spectra of P1 and P2
were recorded (Fig. S9, Supplementary material). Unlike what was re-
ported for Trp dimers formed by covalent link between N1-C3' or C3-C3’
of the indole rings [53] (see Fig. 1 for OH-Trp ring numeration), a sig-
nificant bathochromic shift is observed in the emission spectrum of
(5-OH-Trp), with respect to that of 5-OH-Trp [45]. This same behaviour
was also observed in the dimerization of Tyr occurring between the two
phenyl rings [54]. To the best our knowledge, no photochemical char-
acterization of 5-OH-Trp photoproducts has been reported up to now.
However, Humphries et al. achieved extensive studies on its electro-
chemical oxidation and described the full characterization of different
(5-OH-Trp), and trimers (5-OH-Trp)s after their isolation [46,55,56]. All
compounds are derived from the coupling at the phenyl moieties, with
the exception of an unstable dimer formed between position 6 and 3’ that
finally yields a quinoline derivative. The m/z of this latter was not
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Fig. 11. Proposed molecular structure for the photoproducts a) P1, P2 and b) P4, detected in UPLC-HRMS analysis of acid aqueous solution of 5-OH-Trp exposed to

UV-A radiation in the presence of aromatic pterin (Ptr or Mep).

detected in our analysis. Description of the UV-Vis absorption maxima
of the different dimers, and trimers, provides interesting information.
The absorption bands of C6-C6’, C4-C6' and C4-C4'dimers suffer a
bathochromic shift by respect to those of 5-OH-Trp, whereas, for dimers
formed by covalent link between a carbon atom of the phenyl ring and
the hydroxyl group at position 5, absorption maxima are similar to those
of 5-OH-Trp. Similar observations were made for the trimers. Therefore,
based on the UV absorption and fluorescence maxima together with the
MS/MS spectra, we can hypothesize that P1 and P2 are dimers cova-
lently linked through the phenyl ring (see Fig. 11), whereas P3 is a
trimer formed from substitution at C6 and C4 of the central 5-OH-Trp.
However, the lack of additional characterization (such as NMR
spectra) does not allow an unambiguous structural assignment of those
photoproducts.

The role of O3 in the photogeneration of P1, P2 and P4 was analyzed.
In the absence of Oy, P1 and P2 were the only products observed, being
the amount of (5-OH-Trp);, formed lower in anaerobic than in aerobic
condition (Fig. 10b and c). This result is surprising because two 5-OH-
Trp® must combine to generate (5-OH-Trp)y. In the presence of Os,
others reactions compete with 5-OH-Trp°® dimerization to give oxygen-
ated product (like P4), therefore the amount of (5-OH-Trp)s formed
should be higher in the absence of O,. However, this was not the
behaviour observed. The participation of O, in the mechanism of 5-OH-
Trp dimerization will be discussed in the next section. Finally, as ex-
pected, P4 was not generated in the absence of Oa.

In overview, the results presented in this section showed that the
photosensitization of 5-OH-Ptr by aromatic pterin under UV-A radiation
induces the cross-linking and addition of oxygen of the 5-OH-Trp, which
leads to formation of 5-OH-Trp dimer, trimer and tryptophan-4,5-dione,
respectively. The generation of this kind of products may have harmful
effects on proteins, since dimer can favor the oligomerization of this
biomolecule, while the dione generates a new chomophore, and extend
the active fraction of light able of being absorbed by the protein towards
the visible range.

3.5. Mechanistic overview

Ptr photosensitizes the degradation of 5-OH-Trp in both aerobic and
anaerobic conditions. Results of steady-state irradiations in D20 and in
the presence of SOD, LFP experiments and thermodynamic calculations
demonstrated that, after the absorption of a photon by Ptr, the photo-
sensitization process is initiated by the one-electron oxidation of 5-OH-
Trp that takes place in the reaction between °Ptr* and the substrate
(Reactions 1-3). As in the case of most nucleobases and aromatic amino

acids, the radical cation of the substrate is in equilibrium with its neutral
form (Reaction 4) [15]. Although O, does not participate in these steps,
the rate of photodegradation of 5-OH-Trp strongly depends on the O,
concentration (Fig. 4), being higher in air-equilibrated than in
O»-saturated solutions. This fact can be explained by the quenching of
Sper* by O; (Reaction 5): at higher O concentration, faster deactivation
of Ptr* and, consequently, slower reaction of *Ptr* with the substrate
(Reaction 3). The 102 generated in Reaction 5 does not contribute
significantly to the oxidation of the substrate and, therefore, the lower
amount of radicals formed in O,-saturated solutions lead to an overall
slower consumption of the substrate at high O, concentrations. Under
anaerobic conditions the consumption of 5-OH-Trp is even slower than
in Og-saturated solutions. This can be interpreted considering the
recombination of the radical ions in which the substrates are recovered
(Reaction 6). This reaction is hindered when the radical anion of the
photosensitizer (Ptr®") reacts with O, (Reaction 7), which is in much
higher concentration than the amino acid derived radical
(5-OH-Trp* " /5-OH-Trp(-H)*). The superoxide anion (0%), generated in
this reaction (Reaction 7), then dismutates into H,O5 and Oy (Reaction
8). Interestingly, in the presence of superoxide dismutase the rate of
consumption of 5-OH-Trp is faster than in the absence of the enzyme.
This result revealed that O3 can also reduce 5-OH-Trp(-H)® recovering
the substrate (Reaction 9). The reaction scheme presented in this para-
graph has previously been analyzed for the oxidation of other substrates
photosensitized by Ptr and a more detailed discussion can be found in
reference [17].

The analysis of photoproducts, described in the previous section,
revealed the formation of, at least, two dimers through an oxygen-
independent pathway and an oxygenated derivative, trypthophan-4,5-
dione. In previous studies, carried out using Ptr as a photosensitizer,
four types of situations have been described for the irradiation of an
aqueous solution containing a biomolecule and Ptr under anaerobic
conditions: i) no consumption of the substrate at all [29], ii) dimeriza-
tion of the substrate [54], iii) formation of photoadducts [57,58], iv)
photoreduction of the sensitizer [42]. It is difficult to predict which
reaction will be the predominant one for a given biological target. Sit-
uation i) takes place when a reaction equivalent to Reaction 6 allows
complete recover of the substrates, whereas situation ii) occurs when
part of the substrate radicals are not reduced by Reaction 6 and can react
to yield dimers (Reaction 10).

Molecular oxygen does not participate in any step of 5-OH-Trp di-
mers ((5-OH-Trp(-H)),) formation, but, even so, their production is
faster in air-equilibrated than in Os-free solutions. This behavior has
been observed and analyzed for the photosensitized formation of the Tyr
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dimer (Tyrp) [59], and was tagged as “the oxygen paradox”. In short,
under anaerobic conditions two main pathways involving the substrate
radicals compete: recombination of radicals (Reaction 6) and formation
of dimers (Reaction 10); under aerobic conditions again three main
pathways involving the substrate radicals compete: reaction between
03 and 5-OH-Trp(-H)* (Reaction 9), formation of dimers (Reaction 10)
and oxygenation to yield the dione derivative, which, as a matter of fact,
implicates several steps (Reaction 11). In the presence of Oy, reaction 7
is promoted, thus leading to a lower amount of Ptr*" available to react
with 5-OH-Trp®"/5-OH-Trp(-H)* (Reaction 6). This in turn gives
5-OH-Trp(-H)* a higher chance to dimerize. It is worth mentioning that
in aerated solutions, although O, concentration is much higher than the
substrate radical concentration, Reactions 10 and 11 take place at
comparable rates. This fact reveals that the reactivity of
5-OH-Trp*t/5-OH-Trp(-H)* towards O, is very low, which is not sur-
prising since many radicals of biomolecules does not react fast efficiently
with Oy [15]. It is worth mentioning that “the oxygen paradox”, by no
means, can be considered a general behavior that is valid for any
sensitizer and any biological target. In fact, it has been reported that the
photodimerization of Trp with Rf is more efficient in anaerobic than in
aerobic conditions [52]. A possible explanation for this behavior could
be attributed to a higher efficiency of the recombination of the radical
anion of the sensitizer and radical cation of the substrate (Reaction 6)
when Ptr is used as sensitizer. The efficiency of this reaction for Ptr, has
been demonstrated using different substrates as molecule target, in
which no consumption of the substrate was observed when the photo-
sensitization process is studied under anaerobic conditions [17].

4. Conclusions

The photosensitization of 5-hydroxytryptophan (5-OH-Trp), a com-
mon oxidation product of tryptophan (Trp), with the natural photo-
sensitizer pterin (Ptr) and its methylated derivative 6-methylpterin
(Mep) was studied, both in aqueous solutions at different O, concen-
trations. The process begins with an electron transfer from 5-OH-Trp to
the triplet-excited state of the photosensitizer (Ptr or Mep), to yield the
corresponding pair of radical ions. From this point two pathways are

_  , 5OH-Trp(-Hy +H'
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Ptr* (1)

2
G)
“4)
)
(6)
(7
()
©)
(10)
(1)

possible: i) an oxygen-independent pathway in which dimers are
formed, ii) an oxygen-dependent pathway in which oxygenated products
are generated. The formation of dimers takes places under both aerobic
and anaerobic conditions; however, paradoxically it is faster in the
presence of Oa.

Indeed, 5-OH-Trp and Ptr can be present simultaneously in the skin
as the former is generated under oxidative stress and the latter is a
natural photosensitizer that accumulates in patients suffering from skin
depigmentations. Therefore, the photosensitization of 5-OH-Trp by Ptr is
an interesting model to investigate the oxidative damage of human skin,
triggered by electromagnetic radiation. In this sense, although the pre-
sent work is not a study on human tissues, the results point out that the
photoinduced oxidative damage does not stop at the first oxidation
products. In contrast, further photosensitized chemical changes on
oxidation products can lead to significant modifications in the compo-
sition of the system with different consequences. In this case, the for-
mation of dimers might contribute to the photosensitized cross-linking
of proteins, whereas the dione product is relevant because it absorbs in
the visible region and, therefore, can suffer further photochemistry. This
interesting point will be a subject of study in further research.
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